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Abstract
This study was aimed at investigating regional and local variability of brain tissue during normal
human brain development.

We investigated high-resolution MR-imaging data using SPM99 (Wellcome Department, University
College London, UK). A pixel-wise variation coefficient of gray and white matter was calculated to
visualize local variability.

Data from 200 normal children (5–18 years) was analyzed. We found a profound interaction between
variability of brain structures and normal development in both gray and white matter.

Variability in gray and white matter shows regionally specific, age-related variations, possibly
offering a new tool for the assessment of subtle brain abnormalities. Our results emphasize the
necessity to take this variability into account when planning pediatric neuroimaging studies.
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Introduction
Neuroimaging studies frequently aim to detect differences between populations by measuring
the size or the volume of distinct brain structures, applying semi-automated [1] or manual
methods [2]. However, in order to determine what group size is needed in order to reliably find
small differences between groups by means of a power analysis, it is necessary to know and
consider the normal variability that occurs in a healthy control population [3].

Intersubject variability has been shown to be considerable in a number of studies on specific
areas of interest, like the visual [4] or the cortical motor system [5]. Voxel-based approaches
have been utilized before, e.g. in a study comparing the human and primate forebrain [6]. The
question is even more relevant in the face of the substantial changes the human brain undergoes
during normal development, both on a global [7,8] and a regional scale [9,10,11]. These
changes in volume, complexity, and shape make it even more difficult to investigate this normal
range of brain morphology in children, leaving many questions unanswered. For example, there
is still no consent regarding the normal asymmetry of the size of the basal ganglia [2,12], which
may in part be due to the strong volume changes these structures undergo in childhood [10].
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In this study, we wanted to address the question in how far local variability changes not only
as a function of underlying developmental processes in tissue volume, but rather independent
of such changes. We aimed at addressing this question in a large population of healthy, normal
children, utilizing a voxel-based whole brain approach for both gray and white matter.

Materials and Methods
Subjects

Healthy children were recruited as part of an ongoing study on normal language development
[13]. Institutional review board approval and informed consent were obtained for all subjects.
Exclusion criteria were as follows: history of previous neurological illness, head trauma with
loss of consciousness, current or past psychostimulant medication, learning disability, IQ less
than 80 (measured by the age-appropriate Wechsler Intelligence scale), birth at 37 weeks or
less of gestational age, pregnancy, abnormal findings on clinical neurological examination,
and clinical or technical contraindications to an MRI-examination (including orthodontic
braces). All scans were read for structural abnormalities.

Overall, imaging data from 276 children was analyzed. Data from 76 children was rejected due
to insufficient quality, technical failure, or pathological findings, leaving data from 200
children (102 girls [51%], 98 boys [49%]). Average age was 137.1 ± 43.1 months (11.4 ± 3.6
years), median = 132.6 months (11.05 years), range 60–226.5 months (5–18.87 years) at the
date of the MR-exam. The age and gender breakdown of this sample is given in Table I. Ethnic
background was mainly Caucasian (178 [89%]), followed by African American (12 [6%]),
Asian (4 [2%]), Multi-Ethnic (3 [1,5%]), Hispanic (2 [1%]), and Native American (1 [0,5%]).
180 subjects (90%) were right-handed, while 20 subjects (10%) were left-handed.

In order to assess age effects scans were divided into three sub-groups as done before [14],
yielding a “young” (67 subjects, mean age 90.7 ± 15 months), a “medium” (67 subjects, mean
age 133.2 ± 11.4 months), and an “old” subgroup (66 subjects, mean age 188.1 ± 21 months).
For the purpose of this study, only the young and the old group were compared with each other.

Children were imaged with a Bruker Biospec 30/60 3 Tesla MRI scanner equipped with a head
gradient insert (Bruker SK330). A T1-weighted Modified Driven-Equilibrium Fourier
Transform (MDEFT [15]) image of the whole brain was acquired (TR = 15 ms, TE = 4.3 ms,
τ-time = 550 ms, flip angle = 20°, FOV = 19.2 × 25.6 × 14.4 cm, matrix = 128 × 256 × 96,
resolution = 1.5 × 1 × 1.5 mm).

Data processing
Image processing was done using statistical parametrical mapping software, SPM99
(Wellcome Department, University College London, UK [16]) running in MATLAB
(MathWorks, Natick, MA). As the single manual step in image preparation and analysis,
determination of the anterior commissure was performed by a single investigator for all images.
During this procedure, images were also carefully aligned along the main axes to correct for
grossly different head positions in the scanner, and rated (regarding the presence of arterial
blood flow-artifacts and motion artifacts) as described before [17]. Low-quality images were
excluded from further analysis. The remaining high-quality images were reoriented in the axial
plane and resliced to 1 × 1 × 1 mm isotropic voxels (sinc-interpolation, 9 × 9 × 9 neighbors).
This reduces partial volume effects in further processing by ensuring an optimal fit to the axially
oriented templates used in SPM99.

All images were automatically transformed into stereotaxic space by a 12-parameter affine-
only, linear transformation in order to avoid regional distortion of the images. This was
followed by their segmentation into three separate tissue classes, representing gray matter
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(GM), white matter (WM), and cerebrospinal fluid (CSF). SPM99 employs a combined a
priori-knowledge/pixel intensity approach, resulting in tissue probability maps [1]. By
modeling smoothly varying intensity changes, residual image inhomogeneities were
compensated for [18], which has been shown to increase the segmentation’s reliability [19].
Non-brain tissue was removed as recently suggested [20].

The resulting images were averaged in each age group and the standard deviation was
calculated for each pixel in the brain and represented as an additional image volume, separately
for each tissue class (gray and white matter). These were slightly smoothed with a Gaussian
filter (full width at half maximum [FWHM] = 3 mm) in order to cluster the data. As regional
and global tissue volumes change with age during normal brain development [7,8,9,10], these
changes need to be taken into account in order to show true changes in local variability
independent of simple volumetric differences. Therefore, the standard deviation of each image
was related to the corresponding averaged tissue probability map, yielding a pixel-wise
variation coefficient independent of the local tissue concentration. The “old” and the “young”
group were compared, and only differences in this coefficient exceeding 20% were considered.
An additional extent threshold of 50 contiguous voxels was employed in order to further
suppress small clusters of false positive voxels.

Results
Changes in gray matter variability with age

Gray matter (Fig. 1, left) showed a number of areas with higher variability in the older children
(blue). These included the anterior and posterior cingulate, the basal ganglia (especially the
medial putamen and the globus pallidus) and symmetrical high-parietal regions, adjacent to
the central white matter. Higher variability in younger children could only be found in small
patches in the insular and basal cortex (red).

Changes in white matter variability with age
In white matter (Fig. 1, right), the long fiber tracts (descending and ascending through the
internal capsule) showed the most profound age-related changes, with a substantially higher
variability in young children (red). Central medial occipital and high-parietal white matter
showed higher variability in older children (blue). In the frontal lobes, areas of both higher and
lower variability in older children were found adjacent to each other, especially in medial
aspects.

Discussion
Knowing the variability inherent in normal control data is paramount for adequately estimating
necessary group sizes by means of statistical procedures [3]. Since the human brain undergoes
profound developmental changes on the global as well as the regional level [7,8,9,10,11],
ensuring the use of an appropriate (and appropriately sized) control group seems all the more
relevant. In this study, we were able to investigate a large population of truly normal children
after applying rigorous exclusion criteria, allowing to consider this reference data
representative for the population as a whole [21].

Our data might also be of particular value regarding similar studies in distinct patient
populations: for example, how will the variability in this normal sample compare to a sample
of children diagnosed with attention-deficit-hyperactivity disorder (ADHD) or other
neurobehavioral disorders? Imaging studies in these populations are frequently ambiguous or
negative [22], and investigating the variability in a given brain structure might provide very
useful clues to the underlying neurobiological deficits.
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Before embarking on the discussion of our results, the special methodological approach in this
study should be mentioned. By considering the local tissue concentration, our results may not
be directly comparably to those of earlier studies [9,11]. Conceptually, this approach only finds
changes in tissue variability that are greater than the corresponding changes in the volume of
the underlying tissue compartment. It thus only detects increases or decreases in brain structure
variability independent of such volumetric changes and may therefore be more sensitive to
individual rather than group effects.

In gray matter, almost all detected changes correspond to higher variability in older children
(blue in Fig. 1, left). An explanation for this pattern could be that significant and regionally
specific gray matter volume reductions occur in the age range studied here [7,8], and that
therefore regressive rather than progressive events are crucial in shaping the brain of the older
child. This selective tissue loss must at least be partly responsible for the more individual
morphological pattern emerging in these older children.

Only small clusters show higher variability in younger children, especially in the insula and in
basal gray matter bordering the medial cranial fossa (red in Fig. 1, left). It should be mentioned
that this could very well be an epiphenomenon of a more variable arterial blood supply in
younger children since these clusters all are in close proximity to the middle cerebral artery
and its branches and the MR-sequence used shows some vulnerability to blood flow artifacts
[15]. In contrast to this, a number of distinct areas show higher variability in older children,
specifically including the basal ganglia and both anterior and posterior aspects of the cingulum.
Both regions are very interesting from a developmental neuroscience point of view: the basal
ganglia, for example, show pronounced volume changes during normal ageing [10]. Our data
hints at additional increases in variability, pointing towards a strong influence of individual
(re-) modeling processes. This is especially interesting since this brain region has been
implicated in the pathophysiology of a number of neuropsychiatric disorders in childhood,
especially ADHD and tic-disorders [2,22]. The cingulate gyrus, especially its anterior aspect,
is considered crucial for the interplay and development of higher cognitive and a number of
emotional functions [23]. Again, increases in variability could reflect individual adaptive and
modeling processes of areas implicated in such functions during a developmentally critical
period.

It seems remarkable that only small patches of increased in variability are detected in external
cortical areas despite the increases in complexity described in earlier conventional MRI-studies
[11]. This could be due to either technical/procedural limitations (see below for further
comments) or could reflect the fact that such changes are accompanied by corresponding tissue
volume changes and would thus not be detected in this study.

White matter exhibits a more “balanced pattern” in that both age-related increases and
decreases in variability could be found in a number of areas (Fig. 1, right). Again, this can be
seen to reflect the normal developmental pattern since white matter volume steadily increases
with age [8,14], and in a less regionally specific pattern [7].

Variability is distinctly higher in younger children in the long cortico-spinal tracts (proceeding
through the central white matter and the internal capsule). This pattern mirrors earlier findings
of age-related changes in diffusion–properties [24], which again replicated earlier structural
imaging findings [25]. Pathophysiologically, the necessity for an increased packing and
ordering of these long fiber tracts during bodily growth [24] may underlie all of these findings.

Most interestingly, the higher variability in older children in posterior aspects of the central
white matter seems to accompany corresponding findings in the gray matter of the posterior
cingulum/high parietal areas (exemplified in Fig. 2). It seems that these white matter changes
are secondary to the underlying processes in gray matter and thus reflects a secondary
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remodeling phenomenon. The adjacent, opposite findings in frontal white matter also suggest
that a remodeling takes place, possibly reflecting a “frontalization” of cognitive functions in
childhood and adolescence [26].

Possible limitations of this study
We investigate gray matter density, not gray matter volume as recently suggested [20]. The
difference between them is in the reintegration of volume changes during normalization by
modulating with the Jacobian determinant. However, we did not employ non-linear
normalization schemes (which would have introduced local deformation) and could recently
show that, in this age range, the overall linear scaling factor does not correlate with age if based
on brain tissue [17]. Therefore, our data can be seen to reflect gray/white matter density as
much as volume. As mentioned above, the failure to detect more changes on the outer surface
of the cortex might be related to the masking procedure employed to remove non-brain tissue
[20]. It is possible that this masking removed some of the more subtle features of the outer
cortical appearance (insofar as they were still preserved after the automatic segmentation).
However, the alternative would be to risk serious contamination with non-brain tissue that
undergoes profound changes in this age group [17]. This was considered even less desirable.

Conclusions
• The distinct patterns of high and low variability in the developing brain should be

taken into account when estimating the significance of findings in neuroimaging
studies in pediatric populations.

• This new way to look at imaging data might be useful in further delineating subtle
abnormalities in putative developmental disorders like ADHD and others.

• The variability inherent in the human brain changes as a function of normal
development in a regionally specific way, independent of simple volumetric changes.
This might shed a light on underlying developmental processes.
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Figure 1.
Changes in variability of gray matter (left) and white matter (right) during childhood. Colors
denote higher variation coefficients in younger (yellow-red) and older children (blue-green),
respectively. Results are overlaid on the averaged probability maps of all children. Inserts:
respective location of slices.
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Figure 2.
Higher variability in older children: comparison of corresponding changes in gray matter (top)
and white matter (bottom). Inserts: location of slices.
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